Summary: An improved method for the determination of creatine kinase activity (EC 2.7.3.2) is described. For the reactivation of creatine kinase, serum is first preincubated in the test solution in the presence of dithioerythritol. Then the enzymatic reaction is started by adding creatine phosphate. By optimizing the concentrations in the test solution and by altering the measurement procedure using dithioerythritol as reactivator, the assay is made more sensitive, and a far higher enzyme activity in serum is measured in comparison with other recommended tests. The reaction rate is linear for ten minutes up to 700 U/l. An increase in activity by enzyme dilution was not observed. In this study a sensitivity of detection of 0.9 U/l was achieved. This would be especially advantageous in the detection of the isoenzymes of creatine kinase after chromatpgraphy. Within-run precision was 1.2%(CV), day-to-day precision was 2.0% (CV). The test solution is stable for at least 24 hours.
Introduction
times faster than the phosphorylation of creatine (6) . The reaction rate is measured optically by reduction of The determination of creatine kinase activity in serum is NADF*". During the enzymatic reaction creatine kinase of great significance in the diagnosis of my ocardial inis simultaneously reactivated by reduced glutathione farction and muscle disease. Striving for a high precision (GSH). Results were calculated from the change in abof the method and for reproducibility of the results the sorbance per minute after five minutes preincubation German Society for Clinical Chemistry 1970 and 1972 in the presence of the substrates. In spite of the methosuggested the use of standard test conditions (1, 2) .
dological improvement some problems still remained: According to Offver (3) and Rosalki (4) the reverse ^ reactivator is unsuitable for the following reason: reaction (5) was chosen:
Glutathione may be partially present in the oxidized creatine kinaseform (GSSG) which is a substrate for glutathione ADP + creatine phosphate · --> ATP + creatine reductase (EC . 6 . 4 . 2 ) :
. Glutathione reductase ,.,.-."».
At the optimal pH value the formation of ATP and NADPH + H" + GSSG > NADP creatine from ADP and creatine phosphate is about six + 2 GSH 2. The change in absorbance during ten minutes was found to be linear only up to 200 U/l corresponding to four times the upper limit of the normal range.
3. Sera with higher activities have to be diluted. On the other hand there is no linear relationship between the amount of serum in the test and the measured reaction rate. Even activities of 100 U/l are found to be 10% too low compared with the assay result of a diluted specimen. Up to now this phenomenon has been interpreted by postulating the presence of serum inhibitors (8) . Therefore Szasz et al. suggested dilution with inactivated serum (9).
4. In sera from patients with myocardial infarction myokinase (EC 2.7.4.3) is inhibited by AMP in the test solution (3) . Unfortunately AMP also inhibits creatine kinase. An optimal balance between inhibition of myokinase and the unavoidable inhibition of creatine kinase was not achieved in the methods published.
drift was monitored and corrected by comparative absorbance measurements of diluted picric acid solution.
Attenuator range: Absorbance 0-Ö.25Ö ^ 20 cm Chart speed: 1 cm/min; in case of high activities with reaction rate lines steeper than tga = 60°s peed was increased to 2 cm/min or 5 cm/min.
Evaluation of results was done graphically by measuring the change of absorbance over a range of 10 cm on the chart. The corresponding time is then defined by the chosen chart speed.
Results and Discussion
Buffer system and optimal pH Triethänolämine-HCl is not suitable as a buffer system at a pH value of about 7.0 because if its high pK a value of 7.9. Imidazole/acetic acid was chosen as the buffer system according to Warren (11) and Forster et al. (6) .
A pH-optimum of 6.8 was found for the creatine kinase activity (Pig, 1). The same range was verified with pooled human serum.
Materials and Methods

Specimens
Following the proposal of the Expert Panel on Enzymes of the IFCC (10) we established the reproducibility of the method "with a clearly characterized human enzyme of the type found in serum ...". Therefore purified human isoenzyme creatine kinase-MM was used (product of Biochemical Research, E. Merck). Stock solution: Suspension of creatine kinase-MM in 650 g/1 ammonium sulfate stabilized with 10 g/1 globulin; activity: ca. 100 kU/1. Before use the stock solution was diluted with 50 g/1 human serum albumin to an activity of about 100 U/l. Trie sera used were taken from normal persons and patients with increased creatine kinase activities ranging from 50 to 1400 U/L
Inhibition of myokinase
The influence of AMP concentration in the test was checked with regard to the inhibition of myokinase activity as well as to the inhibition of creatine kinase activity (Fig. 2) . The test solution was identical for both the creatine kinase and myokinase measurements, except that in the latter case creatine phosphate was omitted. In the presence of 1 fnmol/1 ADP the optl· mal concentration of AMP is about 5 mmol/1: inhibition of myokinase exceeds 90 % whereas inhibition of creatine kinase is in the range of 5 %.
Reagents
For the preparation of the modified assay solutions all reagents were weighed out daily. Creatine phosphate, disodium salt; ADP, free acid; NADP, disodium salt; AMP, disodium salt; N-acetyl cysteine; myokinase, porcine; hexokinase (EC 2.7. Blank reaction A blank reaction was found to be due to contaminants in the auxiliary enzymes. This blank reaction rate varied with the batch of the enzyme preparations, and had to be determined for each batch.
Reactivation of creatine kinase
The most suitable thiol compound for the reactivation of creatine kinase was evaluated by varying the reactivators in the test solution, and observing the reactivation potency for the different types of SHreagent (Tab. 1). Dithioerythritol and dithiothreitol proved to be the most effective.
In contrast to Warren (11) no significant difference between these two substances could be seen. The extent of reactivation was defined as per cent increase of activity due to the reactivator in relation to the activity without addition of a thiol compound. Necessarily the rate of reactivation is a function of the actual state of inactivation of the specimen. In spite of the augmented acitivity due to reactivation the true activity is not known precisely.
For further investigations dithioerythritol was chosen. Its isomer dithiothreitol is far less convenient, owing to its low melting point (41°C) and its high hygroscopicity. Mercaptoethanol has such an unpleasant odor that it was not taken into consideration. N-acetyl cysteine which is proposed by Forster et al. (6) is undoubtedly of advantage because of low price but shows far less efficiency in regard to reactivation.
In additional experiments the difference between dithioerythritol and N-acetyl cysteine could be demonstrated even more impressively (Fig. 3) : Serum was incubated with equimolar amounts of thiol reagent. The pH of the mixture was corrected to 6.8. After various preincubation intervals the mixture was assayed without additional thiol reagent. The results show that reactivation in serum is slower than in the assay solution. After about one hour serum reactivation with dithioerythritol exceeds reactivation in the assay. With N-acetyl cysteine only 75% of the reactivation in the assay is obtained after 41/2 hours of serum incubation. The decrease in activity after 15 minutes cannot be explained. The optimum concentration for dithioerythritol proved to be 25 mmol/1 (Fig. 4) . As the reactivation of the enzyme may be influenced by the enzymatic reaction itself a preincubation period without substrate was used for reactivation. Moreover in this preincubation period no NADP" 1 " is consumed, so that in the same reaction time after starting higher activities could be measured without loss of linearity. A preincubation time of 10 minutes is sufficient. A longer time would be of little practical effect (Fig. 5) . The measurement procedure is shown in Table 2 . Final concentrations of the test solution are listed in Table 3 . The concentration of NADP" 1 " was increased to diminish the competitive inhibition of the glucose 6-phosphate dehydrogenase by NADPH (12) when high creatine kinase activities were assayed. By separating the reactivation time from the enzyme reaction itself a low concentration of NADPH at the beginning of the reaction is achieved. In the method described here only about 12% of NADpt are reduced to NADPH when 700 U/l creatine kinase are assayed over a period of 10 min. In the same case 64 % of NADP* are consumed with the method mentioned at the beginning (1, 2) . The activity of the auxiliary enzymes in combined optical tests has to be at least 100-fold the activity of the enzyme to be assayed, otherwise the indicator system will be rate limiting (13) . We therefore increased the activity of the auxiliary enzymes as shown in Table 3 . Thus a linear proportionality up to 1400 U/l was found between the amount of enzyme in the test and the reaction rate (Fig. 6) . The significance of a blank correction is also seen. The same range of linearity was found for sera with highly increased activities. Both graphs are nearly identical demonstrating good correspondence of creatine kinase-MM and sera.
The test solution is stable for at least one day at room temperature. From the analysis of regression between apparent loss of activity using a once prepared bufferreagent mixture and storage time (up to 10 days) of this mixture at room temperature the average decrease per day of activity due to aging of the test solution was 1.0% (y = -1.2 χ + 114.6, r = 0.945).
Quality control
Quality control was performed with creatine kinase-MM in 50 g/1 human serum albumin and Precinorm-E. The within-run precision was 1.2% CV with n = 30, . Relationship between dilution of the specimen and measured activity. A double logarithmic scale was chosen for demonstrating clearly the linearity over the whole range from 10-1400 U/l. For test conditions see Table 3 .
• · creatine kinase-MM, blank corrected, 1460 U/l • · creatine kinase-MM, blank not corrected X-X pool of 10 sera, blank corrected, 1400 U/l. χ = 97.3 U/l and s = 1.2 U/l. The day-to-day precision was 2.0% CV with n = 20 (the first of the duplicate values was taken), χ = 118.7 U/l and s = 2.4 U/l. The sensitivity of detection was 0.9 U/l (x + 3 s of "no enzyme" in 50 g/1 human serum albumin, n = 20, blank corrected).
Comparison with established procedures
The results were obtained by employing purified human creatine kinase-MM isoenzyme according to the published recommendations of the IFCC (10). The low activity of creatine kinase-MB which may be present in some sera does not impair the predominant role of creatine , kinase-MM. Serum was considered not to be suitable as a model specimen due to its individual composition arid the possibility of interfering substances, e.g. drugs and their metabolites, the presence of which cannot be excluded. The validity of the test under optimized con*· ditions was proved by a comparison with the method recommended by the German Society for Clinical Chemistry. Analysis of regression was carried out using 30 different sera with normal and elevated enzyme activities. Notwithstanding the objection to GSH as a reactivator and triethanolamine-HCl as a buffer system, the new assay clearly demonstrates increased sensitivity by detection of 75 % higher activity in the same sera (Fig. 7) , the coefficient of correlation being 0.987.
A revised version of the recommended test (2) was suggested by Forster et al. in 1974 (6) . N-acetyl cysteine is used as the reactivator and imidazole/acetic 50 100 200 300 400Ĉ reatine kinase (proposed method) (U/l) Fig. 7 . Regression analysis: The proposed test (see Table 3 )
is compared with the standard method recommended by the German Society for Clinical Chemistry (2). Table 3 ) is compared with the method according to Forster et al. (6) y = x y = 0.75x + 3.6, r = 0.991 acid is chosen as the buffer system. Analysis of regression with this test is shown in Figure 8 . The coefficient of correlation here is 0.991. Though the revised version is a clear improvement, the present method still determines 33 % higher activities in the same samples. Two essential reasons account for this:
1. Dithioerythritol is more effective than N-acetyl cysteine.
2. The preceding reactivation of creatine kinase before starting the enzyme reaction itself permits a higher reactivation rate of the enzyme before it is measured. Thus sensitivity is increased. This is especially advantageous in the analysis of creatine kinase isoenzymes by chromatography when only low activities of creatine kinase-MB after myocardial infarction are present in serum. Hitherto, it was necessary for samples for the analysis of isoenzymes to have a significantly elevated activity, or they had to be concentrated (14) .
